Hydroplaning speed is known to vary over a range of tire slipping conditions from free rolling to completely skidding. An attempt has been made to simulate two extreme conditions of hydroplaning i.e. when the tire is completely rolling (0% slip) and a completely locked tire (100% slip). ASTM standard smooth tire moving over the plane pavement surface is considered in the model. The analyses showed that the hydroplaning risk associated with the locked tire is more than the rolling tire. The modeling was carried out using the commercial finite element software package, ABAQUS.
Introduction
The risk of hydroplaning exists when the speed of the vehicle is high enough to develop upward hydrodynamic
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LF
lift force V h hydrodynamic speed ρ density of fluid pressure which is equal to or higher than the tire inflation pressure. Hydroplaning of vehicles is a very important safety concern particularly during wet-weather highway operations for highway authorities and road user. Hydroplaning speed is known to vary over a range of tire slipping conditions from free rolling to skidding. In the vehicle manoeuvres particularly on a flooded pavement surface tire rolling and sliding are two important aspects. These two aspects are very important when the hydroplaning situation prevails. When hydroplaning condition prevails, there is significant loss in braking traction and steering control which may result in fatal accidents. Past researchers [1] , [2] , [3] , [4] , [5] , [6] , [7] and [8] conducted extensive experimental investigations on aircrafts and automobiles to demonstrate the influence of tire skidding and rolling conditions on the susceptibility of hydroplaning. Grogger and Weiss [9] and [10] developed a numerical hydroplaning model for non-rotating and rotating tires, using the combination of general-purpose packages of fluid dynamics and in-house code of structural analysis. Seta et al. [11] had come up with a new numerical procedure for rolling tire hydroplaning. The tire was analyzed by the finite element method with Lagrangian formulation, and the fluid was analyzed by the finite volume method with Eulerian formulation. A 3-D FE model of locked smooth tire hydroplaning was presented by Ong et al. [12] . Later this model was extended to hydroplaning over grooved pavements and rib tires of passenger car and truck by various researchers [13] , [14] , [15] , [16] , [17] , [18] , [19] , [20] , [21] , [22] and [23] . But this model is limited to steady state hydroplaning with non-rotating tires. Cho et al. [24] presented a 3-D patterned tire hydroplaning model for determination of braking distance for tire with different slip conditions over a smooth pavement surface. Kim and Jeong [25] presented a rotating, patterned tire hydroplaning model with different yaw angles. The present study is a complementary work to the aforementioned research analyses by computing hydroplaning speeds at completely rolling and locking conditions of the wheel. In the present numerical study, a three dimensional hydroplaning model was simulated by using the commercial FE package, ABAQUS [26] .
Objective of Study
Joyner and Horne [27] showed that the tire slipping has a significant effect on hydroplaning susceptibility. Unfortunately, full-scale experimental studies are time consuming, manpower intensive and costly to conduct. The objective of this study is to present a systematic numerical approach to understand the effect of free rolling and skidding conditions of a passenger car tire on the flow physics pertaining to hydroplaning. In this paper an assessment phenomenon of a non-rotating and rolling tire, which moves from quasi-dry state to flooded section of a pavement and eventually to the hydroplaning state has been discussed. This can be further developed to examine the transient hydroplaning performance aspect under different water depth and tire inflating pressure operating conditions. To achieve this objective, a standard ASTM smooth-tire sub-model was integrated into a three-dimensional finite-element (FE) flow model.
Description of Simulation Model
Study parameters
In the present analysis, three dimensional FE model of ASTM standard smooth tire (ASTM E 524) was developed for the prediction of hydroplaning speed phenomena under full rolling and locked wheel conditions. The ASTM E 524 smooth tire [28] is a size G78-15 tube-less tire of belted bias ply construction. It has a tread width of 148.6 mm and a 393.7 mm cross-sectional tread radius. The tire has a recommended cross-section width of 212.1 mm and a recommended section height of 161.0 mm when mounted on a rim. A tire inflation pressure range of 110 to 260 kPa and a wheel load of 4800 N at three different water-film thicknesses of 5.0, 7.0 and 10.0 mm were considered for the present study. A smooth analytical rigid pavement surface is assumed for the cases presented. The analytical surface feature gives the feasibility to consider any length of the pavement under rolling/sliding wheel conditions and also makes the whole model computationally less expensive. Two scenarios of slip ratios were considered in the present analysis namely, free rolling (0% slip) and fully skidding (100%).
Model parameters
This section presents the salient features of the three-dimensional model of dynamic hydroplaning as shown in Fig 1. In the modeling of a tire, three structural components are considered namely rim, sidewalls, and tread. The tire structure is modeled by an outer rubber tread and inner reinforcing composite layers. The tire rubber is characterized as a nearly incompressible material by a Neo-Hookean hyperelasticity formulation in the finite deformation framework. The rim is modeled as a rigid surface using rigid body constraints to maintain the constant distance between the tire center and the rim surface. The inflation pressure is applied to the inside surface of the tire. The wheel load is applied at center of the tire and acts only in the vertical direction. In the present analyses, the tire is modeled in the Lagrangian framework and the fluid part is modeled with Eulerian elements fixed in the space.
Fig. 1. proposed 3D hydroplaning model
The Lagragian and Eulerian grids are two non-matching discrete interfaces. The coupling between the Lagrangian and the Eulerian grids is enforced by imposing extra load and motion constraints. The Eulerian grid is divided into a water film layer over which another layer is modeled as a voids layer. The fluid region comprises of a velocity inlet, velocity outlet and no side flow boundary conditions. The fluid structure interaction (FSI) is modeled by using "general contact coupling algorithm" to transfer the forces between the two different frameworks. In this algorithm, Lagrangian and Eulerian equations are solved independently in the iterative partitioned approach.
The interface tracking is obtained by using the volume of fluid (VOF) method. ABAQUS [26] Coupled Eulerian Lagrangian (CEL) algorithm considers the boundary of the Lagrangian body to identify the interface between the two different frameworks. The CEL algorithm applies the velocity of the Lagrangian body as a deformation constraint in the Eulerian calculation and the stress calculated in the Eulerian frame work is used to calculate the resulting surface stress on the Lagrangian body through contact stress constraints.
Finite element mesh design
The tire rubber is discretized using 8-node linear brick, reduced integration elements. In addition, 4 node composite shell elements are used to mesh rim. A uniform mesh distribution scheme is adopted in all regions to take care of tire rolling effect. A total of 28,628 Lagrangian 8-node hexahedron solid elements and 7,246 simplified composite shell elements for rim are used for the smooth tire. The Eulerian mesh is fixed in space unlike the Lagrangian mesh. The deformation and movement of the Lagrangian mesh causes the water to flow through the fixed Eulerian mesh elements. This results in the buildup of a high velocity and pressure gradients in the Eulerian grid. Another important observation is that a splash is formed when water strikes the tire. This demonstrates a key manifestation of the hydroplaning phenomenon, "formation of bow wave in front of tire" as shown in Fig 2. In order to capture these complex effects precisely, a fine mesh is required. The water part of Eulerian grid is made of 21,220 elements and the void region is made of 13,567 elements. It should be noted that the tire region has to be partly embedded in the Eulerian mesh. Fig 2 shows the mesh design adopted for both Lagrangian and Eulerian parts. Fig. 2 . ASTM E 524 smooth tire standing on water regime at the time of hydroplaning
Working mechanism of 3D hydroplaning model
The model simulation is started with tire deformation analysis under no presence of fluid by using the displacement control method. In this approach, the tire is inflated to a pre-requisite pressure, being firmly fixed at a reference position. An upward load is applied on the analytical rigid pavement which results in moving the Leading Wedge of Water Fluid -Structure -Interaction Splash Trailing Wedge of Water analytical rigid pavement towards the inflated tire and tire deformation. The static footprint of the tire is matched against the experimental results of Horne et al. [8] , since accurate tire contact patch is the crucial parameter in determining accurate hydroplaning speed. Next, the analytical rigid pavement is uniformly accelerated in the horizontal direction. This forces the tire to rotate in the presence of friction until it attains a defined steady angular velocity. The same acceleration is applied to the water so that the same velocity as the analytical rigid surface is generated. In the present analysis, the hydroplaning speed is defined as the striking velocity of water at which there is no or relatively very low contact force between the tire and the analytical rigid pavement surface.
Validation of Simulation Model
The validation of the developed 3-dimensional hydroplaning model was made by means of the results of Horne [2, [29] [30] for fully rolling and locked ASTM smooth tire. A constant water depth of 7 mm, wheel load of 4800 N and tire inflation pressure in a range of 110 kPa to 260 kPa are considered to validate the simulation model as shown in The pavement surface tested is considered to be a plane surface with negligible surface asperities as the flooded pavement conditions prevailed. The hydrodynamic dynamic lift generated under a tire rolling and sliding along a water-covered surface can be calculated by Equation (1) given by Horne [2] , [29] and [30] with known hydrodynamic lift coefficient (C Lh ), tire footprint area (S) and speed (v). When total dynamic hydroplaning occurs, LF/S is equal to the tire bearing pressure that can be approximated by the tire inflation pressure (p). Hence, the total dynamic hydroplaning speed relation can be calculated as shown in Equation (2).
( ) The value of C Lh is considered as 0.7 for rolling tire and 0.95 for sliding tires. These values are based on a large number of tests conducted. Using these hydrodynamic lift coefficients and the density for water, Equation (2) simplifies to Equation (3) and Equation (4). 
Analysis of Results
Fig 4 shows the plot between hydroplaning speed and tire inflation pressure for rolling and locked wheel conditions. It can be seen that the hydroplaning speed increases with the tire inflation pressure for both rolling and sliding tires, which is in agreement with the past findings by various researchers. The pressure range of 110 to 155 kPa represents an under inflated tire condition which seems to be more prone to hydroplaning risk. As for instance hydroplaning speed observed at 110 kPa is reduced by 1.25 times the standard inflated case of 165.5 kPa for rolling tires. Whereas, the hydroplaning speed observed at 110 kPa is reduced by 1.18 times the standard inflated case of 165.5 kPa for sliding tires, at a constant water depth of 7 mm. A comparison between the hydroplaning risk for a free rolling tire and a sliding tire can also be observed in Fig 4. It was observed that for a free rolling case, the hydroplaning speed is about 4 km/h to 16.5 km/h higher than the fully braked tire depending upon the inflation pressure considered.
This behaviour can be attributed to the result of tire impact over the water that overcomes fluid inertia when the tire rolls on flooded pavement surface. It is believed that it is more difficult for the entrapped fluid to escape beneath a sliding tire than from a rolling tire. hydroplaning speed for a sliding tire is about 5 km/h and for a rolling tire is about 8.5 km/h with an increase of 5 mm water depth. Similar comparison can be made between Fig 4 and 6 which shows that the hydroplaning speed increases with decrease in water depth. The average increase in hydroplaning speed for a sliding tire is 3 km/h for a sliding tire and 5 km/h for a rolling tire with a decrease in water depth of 2 mm.
Conclusions
This study presents the development of a 3-D hydroplaning simulation model using FE tool package ABAQUS. In this study, ASTM E 524 smooth tire was considered to roll and slide over plane pavement surface. Hydroplaning speed calculated using the developed simulation model was duly validated against the past experimental studies and the results show a good agreement with the experimental findings for both rolling and The developed model was simulated for a range of tire inflation pressure and water depth conditions. It was observed in general that the hydroplaning speed increases with the increase in tire inflation pressure for both rolling and sliding tires. In agreement with the past findings by various reseachers, it was also observed that underinflated tires and pavement with deeper water depths are more prone to the risk of hydroplaning.
When the simulation results were compared for rolling and sliding (i.e. braked wheel) tires, it was observed that sliding tires are more prone to risk of hydroplaning as compared to rolling tires because it is more difficult for the entrapped water to escape beneath a sliding tire than beneath a rolling tire. Overall, this paper shows that the presented model is a good tool to study the risk of hydroplaning for rolling and sliding tires at various operating conditions.
Future Developments and Recommendations
This research focuses primarily on modeling hydroplaning for locked and rolling tires. The developed model can be efficiently extended for the determination of hydroplaning speed and skid resistance for tires rolling/skidding over real pavement surface meshes. The developed model can also be extended to model hydroplaning and ski resistance under different slip and yaw conditions of tire. These applications will help highway safety authorities to assess the skid resistance and the propensity of hydroplaning associated with pavements with different asphalt mix designs under different operating conditions of vehicles.
